Abstract: Hydrogels are 3D networks that have a high water content. They have been widely used as cell carriers and scaffolds in tissue engineering due to their structural similarities to the natural extracellular matrix. Among these, "Smart" hydrogels refer to a group of hydrogels that is responsive to various external stimuli such as pH, temperature, light, electric, and magnetic field. Combining the potential of 3D printing and smart hydrogels is an exciting new paradigm in the fabrication of a functional 3D tissue. In this article, we provide a state-of-the-art review on smart hydrogels and bioprinting. We identify the critical material properties needed for the most commonly used bioprinting techniques, namely extrusion-based, inkjet-based, and laser-based techniques. The latest progress in different smart hydrogel systems and their applications in bioprinting are presented. The challenges of printing these hydrogel systems are also highlighted. Lastly, we present the potentials and the future perspectives of smart hydrogels in 3D bioprinting.
Introduction
ith the hope of solving the shortage of transplantable organs, 3D bioprinting has gained much attention due to its potential in tissue engineering. This technology represents the bottom up process in which biological materials and/or cells are patterned and assembled into computer-designed two-dimensional (2D) or three-dimensional (3D) organizations [1] . 3D bioprinting brings new approaches in addressing traditional tissue engineering issues such as the lack of a controlled and functional histoarchitecture [2] [3] [4] [5] . For example, patient-specific bone grafts with well-defined shapes and internal structures can be constructed using the 3D bioprinting and medical imaging techniques [6] [7] [8] . Some applications of 3D bioprinting include stem cell research [9] , cancer model [10] , drug testing [11] , and tissue model [12] .
Smart hydrogels are 3D high water content matrixes that are able to respond to various environmental factors such as pH, ionic strength, temperature, light, electric, and magnetic field. Over the years, they have become especially appealing for biomedical applications [13] [14] [15] [16] [17] . The main advantages of smart hydrogels are: (i) High water content mimics natural tissue environment and promotes more efficient mass transportation. (ii) In comparison to the traditional hydrogels, smart hydrogels possess unique characteristics such as controllable sol-gel transition, or shape memory, or self-healing [18] [19] [20] [21] . Combining the potential of 3D printing and smart hydrogels is an exciting new paradigm in bioprinting of functional 3D tissues. In this review, we provide a state-of-the-art review on smart hydrogels and bioprinting. We identify the critical material properties needed for the most commonly-used bioprinting techniques, namely extrusion-based, inkjet-based, and la-W ser-based techniques. The latest progress in different smart hydrogel systems is presented while the challenges of printing these hydrogel systems are also highlighted. Lastly, we present the future perspectives of smart hydrogels in 3D bioprinting.
The Process and Flow of 3D Bioprinting
As shown in Figure 1 , the process of 3D bioprinting begins with the designing of 3D structures. This design file could be obtained by modelling via computer-aided design (CAD) or by creating a virtual model using biomedical imaging techniques, such as computed tomography (CT) or magnetic resonance imaging (MRI) [22] [23] [24] . Next, the cells and the matrix are prepared and transferred to the printer. In the printing step, bio-inks such as the hydrogel matrix or biomolecules can be printed or dispensed into patterns for cell attachments [25] . Cells can be mixed with bio-inks such as collagen, gelatin, matrigel, agarose, and alginate [26] [27] [28] [29] [30] in the printing process to produce cellencapsulated scaffold. Alternatively, cell aggregates can be printed or patterned directly as building blocks for 3D structures [31] . Lastly, the bioprinted construct needs to be incubated for tissue maturation. 
Bioprinting Techniques
3D bioprinting can be generalized into three main categories based on the technique being used, namely, (i) Extrusion-based bioprinting techniques using mechanical forces to extrude the material through an orifice [32] [33] , (ii) Inkjet-based techniques that eject picoliter droplets of the material onto a substrate [34] [35] [36] [37] , and (iii) Laser-based techniques where laser is used to cure photopolymers or to induce material jetting [38] .
Extrusion-based Bioprinting
Mechanical forces are used to extrude the material through an orifice in extrusion-based bioprinting [32, 33, [39] [40] [41] . Two different setups are usually employed in material extrusion-based bioprinting, namely the mechanical piston motor and pneumatic pumps. In these extrusion-based techniques, materials with shear thinning properties are ideally used, such as alginate [40] [41] , gelatin [32] , gelatin methacrylamide [33] , etc. At the extrusion nozzle, high shear force is applied to the material while decreasing the viscosity of the shear thinning material for easy extrusion. Upon deposition onto the substrate, the decrease in shear rate will cause a sharp increase in the viscosity of shear thinning materials, enabling the printing of hydrogel strand with definite shape fidelity.
Inkjet-based Bioprinting
In material jetting techniques, picoliters of materials are dispensed onto the substrate, according to a predetermined design [34] [35] [36] . Structures are formed drop-bydrop and subsequently layer-by-layer. Some examples of material jetting techniques include, piezoelectric/thermal inkjetting [34] , acoustic wave jetting [36] , and electrohydrodynamic jetting [35] . In these techniques, low viscosity of the material is an important criterion [42] . This portrays a contrasting requirement where the low viscosity material has to display sufficient mechanical integrity immediately after printing. One solution to overcome such a limitation is to crosslink the structure after printing [34, 43, 44] .
Laser-based Bioprinting
In bioprinting, lasers are used in two different technologies, namely vat polymerization [38] and laser-induced forward transfer (LIFT) [45] . In vat polymerization, laser is used to cure photopolymers in a vat, whereas in LIFT, laser is used to provide energy to displace the materials via jetting. The material requirements for LIFT are similar to the inkjet-based bioprinting, as discussed above. For vat polymerization, the optical property of the material is important as it will affect the degree of crosslink in the printing process.
Requirements of Hydrogel for Bioprinting
A successful bioprinted hydrogel construct should possess the following properties (Table 1) : (i) printability, (ii) biocompatibility, (iii) mechanical properties, and (iv) shape and structure. (1) Printablility: The hydrogels must be suitable for printer deposition with suitable viscosity, shearthinning property, short response, transition time, and suitable sol-gel transition stimulus. Extrusion-based techniques usually require higher viscosity and shear-thinning property [46, 47] ; while inkjet-based techniques require low viscosity material with very short sol-gel response and transition time [48] .
(2) Biocompatibility: For tissue engineering, the hydrogels must have suitable degradability, be able to support cell attachments, and do not cause a serious adverse immune response or toxicity.
(3) Mechanical properties: The hydrogels should match the mechanical properties of targeting tissues in terms of stiffness, elasticity, and strength.
(4) Shape and structure: The printed construct should represent adequate similarity to the natural tissue in terms of shape and structure [5, 49] .
Smart Hydrogels in Bioprinting
Smart hydrogels are hydrogels that change their network structures, mechanical strengths, permeability, and swelling behavior in response to environmental stimuli [50, 51] . As shown in Table 2 , chemical stimuli, such as pH can change the interactions between polymer chains or interactions between polymer chain and the solvent. Physical stimuli, such as temperature and light can alter critical point interactions. Hydrogels that react to electrical and magnetic influence are also discussed. 
pH Responsive Hydrogel
pH responsive hydrogels are hydrogels that respond to environmental pH changes. They are made up of polymeric backbones that can accept and/or donate protons during the change in pH [52, 53] . Natural polymers such as collagen and keratin are pH-responsive.
Collagen is the major component of extracellular matrix protein. It consists three α chains which can form triple helix. Collagen is a fibrous protein that provides tensile strength to the extracellular matrix (ECM). Type I Collagen is widely used for 2D substrate coating and 3D scaffold. It can be dissolved in acidic pH and form a gel at neutral pH and 37℃ [54] . In the work reported by Lee et al., a collagen hydrogel precursor was used as a scaffold material for skin bioprinting. Nebulized sodium hydrogen carbonate (NaHCO 3 ) vapor was applied onto the printed collagen layer for gelation. Time lapse of one minute was allowed to facilitate the phase transition of collagen to a gel, while cells were dispensed separately on top of the collagen gel [55] . In another work, Park et al. bioprinted tissue-mimetic structures composed of two compartmentscells-encapsulated hyaluronic acid (HA), and type I collagen (Col-1) hydrogel for the cell migration study. The hydrogel precursor's solutions were first printed and the hydrogels were then cross-linked subsequently post-printing [56] . 3D Bi-Layered skin Tissue Formation Experiments with Collagen Hydrogel were reported by Koch et al. In each cell-collagen layer, a mixture consisting of collagen, sodium hydrogen carbonate (for neutralisation and gelification), and cells was used. The layer was then printed using Laser-assisted BioPrinting (LaBP) [57] . Keratins (Figure 2 ) are largely available, bioactive, and eco-friendly materials with gelation point at pH 3.5. They also possess realistic potential as autologous materials [58, 59] . Keratins are intermediate filament proteins that are made up of intracellular cytoskeletons [60] . Despite not being ECM component proteins, 11 out of 17 keratin subtypes contain cell binding sequence LDV (leu-asp-val), suggesting cell attachment on keratin materials through LDV recognition by α 4 β 1 integrin [61] . Thus, keratin films and coatings have been used as cell culture substrates with demonstrated ability to support cell attachment and growth [62] . Human dermal fibroblast encapsulated in 3D keratin hydrogel has been reported. However, further adaptation of gelation condition is required to develop a printable keratin formulation. Figure 2 . Keratin hydrogel (adapted from [13] )
The main limitation of pH responsive hydrogels is the non-physiological pH environment before or during the gelation process. Cells cannot survive when being exposed to basic or acidic environment for extended time during the bioprinting process.
Temperature Responsive Hydrogel
Temperature responsive hydrogels can be further classified as negative or positive temperatureresponsive hydrogels. Positive temperature-responsive hydrogels undergo sol-gel transition as the temperature increases above critical solution temperature (CST) [63] [64] [65] [66] . Negative temperature-responsive hydrogels gel at the temperature below the CST [67, 68] . Censis et al. evaluated the suitability of a biodegradable, photopolymerizable and thermosensitive A-B-A triblock copolymer hydrogel as a synthetic extracellular matrix for engineering tissues by means of three-dimensional fiber deposition. The polymer was composed of poly(N-(2-hydroxypropyl) methacrylamide lactate) A-blocks, partly derivatized with methacrylate groups, and hydrophilic poly(ethylene glycol) B-blocks of a molecular weight of 10 kDa. Gels were obtained by thermal gelation and stabilized with additional chemical cross-links by photopolymerization of the methacrylate groups coupled to the polymer [69] . Pluronic F127 is a favourite material for bioprinting due to its biocompatibility and gelling at the range of 10 to 40℃ [70, 71] . Chang et al. combined Pluronic F127 with collagen type I as bioinks. Pluronic F127 has high viscosity at room temperature that can stay long enough for collagen gelation, while collage provides necessary cell binding motifs for cell attachment. Cells and fragments extracted from neovascular remained viable after printing using this method [47] . Thermal reversible hydrogel, such aspluronic and GelMa has been used in bioprinting as a sacrificial mold [72] . Kolesky [73] . The main limitation of printing temperatureresponsive hydrogel lies in the controlling of temperature threshold, as well as the need for a fast sol-gel transition time.
Photocrosslinkable Hydrogel
Polymer solution with containing cells can be rapidly crosslinked by a brief exposure to UV light [74, 75] . During the curing process, photoinitiators generate free radicals that can initiate the polymerization process [69, 74, 76] . The use of proper exposure time, light intensity, and photoinitiator allows minimum cell damage as well as crosslinking density [77] [78] [79] . For example, a tubular tissue construct was printed by a two-step photocrosslinking strategy. After combining partially photocrosslinked gelatin methacrylate (GelMA) with hyaluronic acidmethacrylate (HAMA), a gel-like fluid was printed into a defined pattern. A second irradiation of the printed base layer formed a more solid structure and a tubular construct was built [80] . Xiao et al. combined photocrosslinkable GelMA with silk fibroin (SF) into an interpenetrating polymer network (IPN). These GelMA-SF IPN hydrogels have higher Young's modulus and are resistant to collagenase digestion. In addition, by varying GelMa and SF ratio, the IPN hydrogels' structural and biophysical properties can be tuned [81] .
In another study, gellan gum methacrylate (GGMA) was first photocrosslinked to form rigid hydrogel. In the second step, GelMa was diffused into the GGMA and photocrosslinked, thus forming a soft and ductile hydrogel. The resulting double network hydrogel has enhanced the mechanical property. It was reported that the resultant hydrogel has a potential in load-bearing tissue regeneration with strength similar to a cartilage [82] . Photocrosslinkable hydrogel may achieve good printing shape fidelity due to fast curing time. However, the photopolymerization process requires a biocompatible photoinitiator that works well with the hydrogel to achieve desirable curing depth and rate.
Electric Field Responsive Hydrogel
Electric field responsive hydrogels change swelling properties in response to the applied electric field. This group of materials are usually made of polyelectrolytes, therefore, are pH responsive as well. The main advantage of electric field responsive hydrogels over other pH responsive gels is the control of swelling properties by modulating the electric field. Electric field responsive hydrogels can undergo swelling, shrinking, or bending depending on the stimuli factors [83] [84] [85] [86] [87] [88] . For example, acid sodium salt-modified pluronic hydrogel experience bends in salt solution without contacting with anode or cathode when electric field applied [84] . As shown in Figure 3 , when electric field was applied, Na + migrated towards the cathode electrode. As a result, hydrogel material facing the cathode displayed more prominent swelling than the side facing the anode. Another example is the use of Poly(acrylic acid) (PAA) hydrogel microsphere as a drug delivery system [89, 90] . PAA hydrogel microspheres showed rapid and sharp shrinkage when electric field was applied, due to electroosmosis and electrophoresis. This controllable change in shape resulted in an "on-off" release of encapsulated drug. This material system has been used as an insulin carrier.
There hasn't been a direct application of electric field responsive hydrogel as a bioprintableink, partially due to the lack of cell-binding motif in most of the synthetic polyelectrolytes. Future studies could be done on hybrid hydrogel system with synthetic polyelectrolyte and ECM proteins such as collagen or gelatin. respond to magnetic field, resulting in hydrogel deformation [91] . As shown in Figure 4 , magnetic hydrogels can be fabricated through simple blending, or in situ precipitation, or grafting-onto method. Blending method is easy to use and could be incorporated directly with bioprinting techniques. However, uniform distribution of MNPs remains a major issue. In situ precipitation method ensures a uniform dispersion of MNPs, but this method is limited by the harsh alkali treatment during the process. Through grafting-onto method, MNPs can be covalently bonded to the hydrogel system. Therefore, it has advantages such as a steady dispersion of MNPs over a certain time period. However, this method requires MNP binding site in the hydrogel polymer. Therefore, natural polymers are not suitable for this method or require further modification [92] [93] [94] [95] [96] . Figure 4 . Magnetic hydrogel preparation methods: (A) blending method, (B) in situ precipitation method and (C) the grafting-onto method. Adapted from [97] .
Like the electric field responsive hydrogel, there hasn't been a direct application of magnetic responsive hydrogel as a bioprintable ink. 3D printing techniques might be utilized as MNP dispenser instead of blending. Moreover, it might as well need blending with ECM proteins for better cell attachment.
Potential and Future Outlook

Computational and Dynamic Modeling of Cell-hydrogel
Hydrogel in bioprinting acts as a matrix that supports and regulates the cells encapsulated inside the matrix. At the current stage, computational models have been set up to assess hydrogel contraction and deformation due to cellular events such as migration, proliferation and traction, cellular concentration and distribution [98, 99] . These models demonstrate the interaction between cells and materials, and quantify and correlate cellular events with engineered microenvironments [100] . The ability of smart hydrogels reacting to a stimulus will also create an impact on the cells encapsulated inside the hydrogel. In a smart hydrogel, when the hydrogel's properties change with time, time is an additional factor needed to understand the dynamic cell-material interaction. In a proposed model demonstrated by Satoru et al., epithelial growth was more aptly simulated when timescale of tissue deformation was accounted for as opposed to modelling at a quasi-static state [39] . This demonstrates the need to consider dynamic changes in substrate viscoelasticity properties when determining tissue morphogenesis. In the case of smart hydrogel, the changes in properties of smart hydrogel will affect the maturation of engineered tissue and this remains an area for future investigation.
Development of New Hydrogel Characterization Techniques
The rheological properties of the hydrogel such as viscosity, viscoelasticity, shear-thinning, or shearthickening behaviors must be well-characterized for the different stages of bioprinting process, including before, during, and after the 3D printing process. Hence, there is a need to develop new characterization techniques to measure these behaviors at the specific time points.
Traditional extensiometry and compression tests have been employed to characterize mechanical prop-erties of hydrogels. However, these tests might induce hydrogel deformation that contributes to measurement errors. In the compression of a hydrogel, mechanical properties are calculated based on load and hydrogel displacement on the Z-axis [101] . As water was being compressed out of the hydrogel material during measurement, the mechanical properties of the hydrogel changed over the course of the test. To overcome the limitations of destructive tests, non-destructive characterization method such as indentation test was introduced. Using an atomic force microscope, the hydrogel was indented at a single point. The applied force and depth can be monitored to calculate the hydrogel's mechanical properties [102] . The challenge of this method is to optimize the contact of the probe without unintentional adhesion to the hydrogel surface [103] .
Formulation of Hydrogel Materials Blend for Printability
It is a challenge to formulate a specific bioprintable ink with good printability. There is a trend in creating a blend of hydrogel materials for added versatility in bioprinting. For example, in cartilage engineering, photocrosslinkable glycosaminoglycan-based hydrogels are chondrogenic, but have generally poor printing properties on their own. By blending the thermoresponsive polymer poly(N-isopropylacrylamide) grafted hyaluronan (HA-pNIPAAM) with methacrylated hyaluronan (HAMA), high-resolution scaffolds with good viability were printed [104] . Therefore, interdisciplinary collaboration is needed among material research, biological research, and mechanical systems engineering to achieve the ideal hydrogel formulation for bioprinting.
Bio-origami or 4D Bioprinting
Certain types of polymers such as Poly(N-isopropylacrylamide) (PNIPAAm) is among the most popular temperature-responsive polymers because its phase transition temperature is close to physiological temperature [50] . For example, a crosslinked bilayer was fabricated using PNIPAAm and water-insoluble polymer poly(ε-caprolactone) (PCL). From this bilayer gel, four-and six-armed capsules were fabricated. It can self-fold or self-unfold in response to temperature change with the application of yeast cell encapsulation [105] . This group of materials have a potential in bioprinting with the possibility of creating 4D bioprinted structures or bio-origami hydrogel scaffolds [106] .
Conclusion
Smart hydrogels are an interesting class of materials that could be programmed to react to specific stimuli such as pH, temperature, light, electric, and magnetic field. Successful printing of smart hydrogel materials will call for a comprehensive understanding of the materials, bioprinting systems, and bioprinting processes. Looking into the future, new characterization and modelling methods are needed to aid the systematic investigation of applying smart hydrogels in bioprinting. With interdisciplinary collaborative investigation, it is predicted that smart hydrogels could revolutionize bioprinting technologies and bring ahead 3D as well as 4D bioprinting in the future.
